To determine the effect of implementation of work hour restrictions on the rates of morbidity, mortality, and provider-related complications in surgical patients and to determine the incremental personnel costs associated with implementation.
T he Accreditation Council for Graduate Medical Education instituted mandatory restrictions on the number of hours worked by resident physicians in 2003, based largely upon the assumption that decreased consecutive work hours would minimize sleep deprivation, thereby decreasing provider errors and improving the quality of care. 1 Although several studies have demonstrated decreased cognitive and mechanical skills following sleep deprivation, there has been little quantitative data to support the relationship between decreased work hours and improved patient care. [2] [3] [4] [5] [6] The lack of data supporting the assumption that work hours restrictions improve clinical outcomes is particularly striking when applied to surgical resident training. The most comprehensive studies of work hours have focused primarily on outcomes for medical patients. Furthermore, most studies involving surgical patients were retrospective and focused on nonstandardized outcome measures. The available surgical data has either failed to demonstrate a significant difference in quality or has shown poorer patient outcomes. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] To address the unique nature of surgical patients, we conducted a comprehensive comparison of morbidity and mortality among surgical patients at a single academic institution before and after the implementation of resident work hour restrictions. Our goal was to compare the rates of provider-related complications and mortality between the 2 periods using data gathered concurrently with patient care. We hypothesized that implementation of resident work hour restrictions (RWHR) would improve the quality of patient care among surgical patients by decreasing patient morbidity and mortality. In addition, we sought to determine the incremental personnel costs associated with work hour restrictions.
METHODS
All patient admissions to the general, vascular, and trauma surgery services from July 1, 2001 to June 30, 2003 (prework hour restrictions; pre-WHR) and from July 1, 2005 to June 30, 2007 (postwork hour restrictions; post-WHR) were studied. June 30, 2003 was the prework hour end point because WHR became effective on July 1, 2003 . The time period between July 1, 2003 and July 1, 2005 was excluded to provide sufficient time for our system of care to accommodate the reduction in work hours by our surgical residents. This accommodation included the hiring of additional providers and changing to a "night-float" coverage after attempting (and failing) to modify the prior system of night coverage. In addition, previous work has been criticized for studying the impact of RWHR before allowing the system to reach "steady-state." 17 For these reasons, we excluded the first 2 years while our system was still in flux.
During both study periods the degree of resident supervision by attending surgeons did not change. By convention (and hospital policy) residents at the University of Vermont cannot schedule patients for surgery nor can they take patients to the operating room unless an attending surgeon is physically present in the operating room. Our emergency room is staffed 24 hours a day by Board certified emergency physicians who, with attending surgeons, oversee patient management in the emergency department. The surgical intensive care unit (SICU) is staffed by surgeons and anesthesiolo-gists with additional qualifications in critical care as described by their respective Boards. These attending physicians staff the SICU (with no other responsibilities during the day) and are immediately available to the SICU at night. The decision to perform invasive procedures is made by the attending surgeon and all invasive procedures are overseen by either an attending surgeon or a chief surgical resident.
Patient demographics, diagnosis, treatment, and outcomes were collected during each patient's index admission using the Surgical Activity Tracking System (SATS) database-a validated peer-reviewed system for collecting surgical outcomes data. 18 -21 Upon admission, a standardized preprinted datasheet was initiated for each patient by a service-specific midlevel provider (data sheet available upon request). Each patient was assessed daily for the presence of complications as outlined in the SATS Operation Manual. A complication was defined as an adverse event occurring after the onset of an injury or an illness or within 30 days of an intervention that was not required for successful treatment or evaluation of the illness or injury, and required observation, specific treatment, or decreased the patient's functional status. By convention, a single inciting event could lead to multiple complications. For example, pneumonia leading to respiratory failure and the need for mechanical ventilation was categorized as 2 complications (pneumonia and respiratory failure) because pneumonia could occur in the absence of the need for ventilatory support.
All mid-level providers and attending physicians received training in the SATS system for the coding and classification of complications. In addition, a 36 page reference manual (SATS operation manual) containing explicit comprehensive definitions of complications was developed and used to identify complications and to assess the relative severity or impact on the patient. Because there was no universally acceptable definition of complications, we used a process similar to that described by Romano et al to develop the explicit definitions. 22 We performed an exhaustive review of existing source material that addressed complications (Centers for Disease Control definitions, surgical textbooks, ICD-9-CM manual, etc). Where no explicit definitions existed, consensus among members of the Department was obtained. To facilitate reporting and tracking of complications, we developed numerical codes for each complication working with a Medical Records Analyst from our institution. We then mapped all of these definitions to complications and specific diagnoses considered to be surgical complications coded in the International Classification of Diseases, 9th Revision, Clinical Modification (ICD-9-CM) 20 using a process similar to that described by Romano et al. 19 In the case where there was no existing ICD-9-CM code for a specific complication, we created a code in the same category of complication described by ICD-9-CM. For example, the complication of "inadvertent enterotomy" is listed as a 998.2A; the "A" is added for specificity under the code 998.2 "accidental perforation or laceration during a procedure on blood vessel, nerve, or organ." Data concerning postdischarge complications were collected during postoperative clinic visits. The follow-up period was 30 days from the date of operation or 30 days from the discharge date for nonoperative admissions. All complications were reviewed at the first weekly morbidity conference following completion of data collection. Final adjudication was determined by consensus of the involved physician, peers, and team members. The complications were evaluated for severity (major, moderate, minor), causation (patient disease, system-related, or provider-related), and mitigating or extenuating circumstances. Following adjudication, the data were entered into the SATS database.
Complication severity was defined as major if it resulted in a loss of life, limb, organ, or produced permanent disability. A moderate complication was one that resulted in the need for hospitalization, prolonged the duration of the index hospitalization, or required an invasive procedure for treatment or diagnosis. A minor complication did not meet the criteria for either major or moderate but required an unanticipated treatment or diagnostic procedure (ie, superficial surgical infection).
A random sample of 10% of admissions with complications for both periods was independently reviewed by 3 senior surgeons to determine if there was an underestimation bias in the assessment of severity. Overestimation of severity was not chosen as a criterion due to the inability to retrospectively assess extenuating factors leading to greater severity classification.
A complication was designated patient disease if the complication was the result of the natural history or a sequela of the disease under treatment, resulted from an associated comorbid condition, or from an indicated treatment (ie, Clostridium difficile enterocolitis following appropriate antibiotic treatment). A provider-related (PR) complication was defined as one occurring from a diagnostic or treatment process that was not necessary for treatment or was not an anticipated sequela of the disease. This type of complication was theoretically avoidable if current standards of care were optimally applied (ie, lack of indicated perioperative venous thromboembolism prophylaxis with subsequent pulmonary embolus). We attributed all PR complications to the attending of record and never to a specific resident. System-related (SR) complications were due to an organic cause related to institutional policy, process, procedure, or resource allocation. Examples of SR complications include inability to provide staffing in the operating room for an emergency that resulted in a delay in therapy, or a failure to communicate a critical laboratory value, radiologic finding or change in clinical status that affected outcome.
The mortality rate and complication rate (number of admissions with one or more complications divided by total number of admissions) were determined for each period. The magnitude of morbidity ("morbidity burden") was determined by assigning a numerical value to each complication according to the relative magnitude of its adjudicated severity, a process previously described. 21,24 A value of "1" was assigned to a minor complication, "4" to a moderate complication, and "9" to a major complication. Thus, for a patient with a minor complication and 2 major complications, the morbidity burden is "9" (the sum of the values). We also determined proportion of complications attributed to patient disease, system-related error, and provider-related errors for the 2 periods.
Patient acuity for each time period was determined by calculating an average Charlson score 25 and average length of stay. Charlson scores were obtained by cross-referencing the SATS database with the hospital discharge dataset and calculated electronically using a STATA algorithm. 26 As necessary, a volume correction factor was applied to the data prior to analysis to correct for variations in patient volume. The volume correction factor (VCF) for each year was determined by dividing the lowest admission volume by the admission volume for The amount of resident involvement in patient care was estimated by calculating the average number of resident work hours before and after restrictions and the total number of cases performed by graduating chief residents. Attending physician involvement in patient care was estimated using the frequency of use of the RVU -82 billing modifier ("no qualified resident available") for each period. The amount of attending involvement was also assessed using self-reported Medicare time sheets for direct patient care (part B).
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We examined personnel costs for the 2 periods to determine the incremental cost of implementation of work hour restriction at our institution (other volume-adjusted costs of care remained stable, including the number of residents per salary level). For the cost of faculty surgeons we used only the clinical portion (ie, the amount based on clinical care provided by the individual faculty member) of the faculty salary and fringe. Stipends or grants for teaching, scholarship, and administration were not included. Salary and fringe of mid-level providers (ie, nurse practitioners and physician assistants) were included only if they were hired solely to compensate for the loss of care by residents. To determine the value of work hour restriction to our care system, we considered 2 measures of outcome quality-the absence of mortality or morbidity (ie, the number of survivors and the number of patients without any surgical complications). Applying the value equation as quality divided by cost, 28 we determined the "value" by dividing total number of patients without any morbidity by the total personnel costs for each period. We did the same for mortality-dividing the number of survivors by the total personnel costs. All cost analyses were adjusted for inflation using the Consumer Price Index for urban households (http://www.bls. gov/cpi/cpiovrvw.htm#item1, last accessed January 22, 2009 
RESULTS
The study population consisted of 14,610 patient admissions over the 2 periods (Table 1) . Gender distribution was similar between the 2 groups. Patients were slightly older post-WHR and had more comorbidities as measured by the average Charlson score, but had a shorter average length of stay.
The mortality rate decreased significantly post-WHR ( Table  2 ). The proportion of total admissions with complications did not vary significantly between the periods. However, the number of complications classified as major decreased significantly post-WHR resulting in a significant reduction in the morbidity burden of the complications ( Table 2 ). The reduction in morbidity burden is reflected in the most frequent complications seen during each of the time periods (Table 3) . Although wound infection remained the most common complication, there were more minor (ie, arrhythmia) and fewer severe complications (hemorrhage) in the post-RWHR period. Retrospective assessment of severity assignment bias verified a minimal underestimation rate of 4.0% (9/225), which was consistent in both periods.
Provider-related complications decreased significantly post-WHR while both systems-related complications and patient diseaserelated complications increased significantly (Table 4 ).
Attending involvement in patient care increased significantly post-WHR as measured by the more frequent use of the RVU -82 modifier and the amount of time spent in direct patient care ( Table 5 ).
The total clinical salary and fringe for the 3 surgical services studied pre-WHR was $8.317 million (mid-level providers not included). Post-RWHR, 5 mid-level providers were eventually hired and clinical personnel salary and fringe increased to $9.838 million (in 2001 dollar). Of this $1.521 million increase, $0.360 million was for mid-levels; the balance was for new faculty or faculty salary increases. Pre-WHR, 5923 patients had a clinical course (hospital stay and 30 day follow-up) without any complications. Post-WHR period, 6534 patients had a clinical course without any complications. The pre-WHR "value" (quality outcome divided by cost) was 712 quality outcomes for each $1 million spent in provider salary and fringe; post-WHR the "value" decreased to 680 quality outcomes for each $1 million (2001 dollar) spent in provider salary and fringe. Pre-WHR there were 6822 survivors, or 820 survivors for 
DISCUSSION
On July 1, 2003, the Accreditation Council for Graduate Medical Education enacted comprehensive resident work hour regulations. 1 Following national implementation, data concerning the impact of work hour restrictions on patient care has been equivocal. Retrospective surveys of resident physicians revealed increased personal satisfaction and decreased fatigue as well as the perception that restrictions had negatively impacted patient safety and decreased the quality of patient care. 16,29 -31 These resident opinions were similar to those expressed in a recent survey of attending physicians in which 80% of medical and surgical attending physicians believed that there has been no change in the rate of medical errors. 32 Multiple studies have failed to demonstrate any difference in mortality or morbidity following work hour restrictions, but did show a statistically significant increase in complication rates and diagnostic test delays as well as a greater risk of preventable adverse events by cross-covering residents. [33] [34] [35] [36] [37] [38] Quantitative data supporting a positive impact of RWHR is sparse and primarily limited to the general medicine literature. Landrigan et al demonstrated a significantly higher rate of serious medical errors in an intensive care unit under the traditional extendedhours system. However, there was no difference in errors between the 2 systems when interns were excluded and the rate of adverse events and procedural errors were not significantly affected. 39 Multiple studies of surgical patients have failed to show a significant difference in mortality or morbidity between the pre-and postrestriction periods. 8,12,14 -16,40 The apparent lack of benefit is surprising given the relatively longer hours worked by surgical residents (compared with medical residents) and the magnitude and frequency of complications on surgical services, as demonstrated by the Harvard Medical Practice Study which found that 48% of adverse events were associated with an operation. 41 These studies may have been limited by their retrospective nature. Hutter et al, using prospectively gathered data from 3976 patients enrolled in the National Surgical Quality Improvement Program, also failed to demonstrate a significant difference in mortality or morbidity following implementation of resident work hour restrictions. However, as the authors of this study pointed out, their sample size (1165 cases pre-RWHR and 2311 cases post-RWHR) may have had insufficient power to detect a significant difference. 16 In contrast to previous studies, we analyzed data that was obtained concurrent with patient care using an established and validated complication reporting system. We demonstrated a significant reduction in mortality and morbidity burden among surgical patients following implementation of resident work hour restrictions. Mortality decreased by almost 50 percent (1.96 vs. 1.1%, P ϭ 0.0002), despite an increase in acuity as measured by patient age and Charlson score. The decrease in morbidity was associated with a significant reduction in PR complications. We noted a significant increase in complications related to patient disease, which is consistent with the increase in acuity noted in the post-WHR period. Older patients with a higher Charlson score are more prone to morbidity and mortality than younger patients with a lower Charlson score.
There are several possible explanations for the improvements in outcome that we observed. First, the patients could have been healthier and less likely to develop complications. As mentioned previously, the patients treated in the post-RWHR period were actually less healthy than the ones treated in the pre-RWHR. Second, the reduction in work hours could have resulted in less resident fatigue, which contributed to improved decision making concerning diagnosis and treatment. Although we did not investigate the level of fatigue in our residents, the literature supports that work hour restrictions do result in less fatigue among residents. Our residents worked, on average, 23% fewer hours, which would be expected to reduce fatigue and result in fewer PR complications, which is what we observed. Third, greater attending surgeon involvement in direct patient care could be expected to improve quality. This involvement brought more experience to the care of acute and chronic problems and resulted in greater oversight of the daily activities of residents and midlevel providers. With the implementation of the night float system, the attending surgeon became responsible for providing day-to-day continuity. Finally, the number of attending surgeons increased by almost 40% between the 2 time periods. This increase in the number of attending surgeons decreased the patient load per attending. Nevertheless, the overall attending involvement in daily patient care increased by greater than 100% (from 3 to 7 hours per patient treated) and, compared with the 23% reduction in resident hours, suggests that relatively more attending involvement contributed to the improved outcome. The degree to which reduced resident fatigue and greater attending involvement was responsible for the improved outcomes will await further study.
The long-term effects of decreased operative volume and decreased resident work hours are currently unknown. If patient care is dependent upon the intervention of highly trained attending physicians, as our data suggests, residents who receive diminished training compared with their older counterparts may not function as effectively when they become attending physicians. Thus, the benefits of increased attending involvement may be diluted in the distant future as a result of the matriculation of less experienced attending physicians into the surgical workforce. In addition, current efforts to limit attending physician work hours, the predicted shortage of general surgeons, and the projected 15% to 30% increase in demand for surgical services by 2020 may further hinder attending physician involvement in patient care and could have a significant negative impact on the quality of patient care. 42 Health care policy makers and advocates for cost-containment in medicine have been relatively silent on the "value" of work hour restrictions. At our institution, implementation of WHR predictably resulted in an 18.2% increase in personnel costs (after factoring out inflation) associated with patient care. We examined this cost increase relative to outcomes and found that the "value" in terms of morbidity (number of patients without a complication) or Work Hour Restrictions and Surgical Quality mortality actually decreased. Nuckols and Escarse examined this issue by looking at the reduction in adverse events necessary to make the additional personnel "cost neutral." 43 They suggested that mid-level providers would cost $1.1 billion nationally and that it would take an 8.5% and 30.9% reduction in adverse events to make the increment "cost neutral" for society and teaching hospitals, respectively. Although we significantly reduced the mortality rate in our teaching hospital, the reduction in overall adverse events was far below 30.9%, supporting our contention that relative "value" was reduced. Mitchell et al used computer modeling to estimate the personnel costs of replacing residents, using a typical service of 20 residents and 4 fellows-similar to our service of 24 residents. 44 Their estimate did not anticipate any of the extra work being done by the attending physicians. Using a mean mid-level salary and fringe, they estimated that replacing 20 hours per week with mid-levels would cost an additional $1.515 million per year (which also used the Consumer Price Index to factor in the cost of inflation). This is not substantially different than our increment of $1.466 million per year (in 2007 dollars) for replacing 24 hours per week on a 24 resident service. However, our costs included increments in faculty salary and fringe, which is logical given the increased work done by the attending physicians. Thus, our work supports the previous estimates regarding value and costs of implementing work hour restrictions for residents. This study has several important limitations. First, like most of the previous research on this subject, our work represents the results at a single institution and it may not be applicable to other hospitals or health care systems. Second, although the data were collected prospectively and the process was highly standardized, we could not control for process variation that evolved over the study interval, such as implementation of the Surgical Care Improvement Project (SCIP) (http://www.jointcommission. org/PerformanceMeasurement/PerformanceMeasurement/SCIPϩCoreϩ MeasureϩSet.htm, last accessed January 22, 2009). Thus, it is possible that improved processes of care contributed to our improved outcomes and would have occurred whether or not duty hours changed. However, implementation of quality improvement projects such as SCIP does not necessarily result in system improvements. For example, implementation of the SCIP guidelines for assessment of venous thromboembolism (VTE) risk, which occurred during the study period, was associated with an increase in our incidence of VTE, most likely due to surveillance bias. 20 The effect of this surveillance bias would have been reflected in a greater increase in VTE complications after implementation of work hour restrictions.
Third, the increase in attending work hours could have been influenced by the reporting frequency, which changed between the 2 time periods. During the pre-WHR period, attending physician reported their hours 8 times per year whereas work hours were reported monthly in the post-WHR period. The data from the prerestriction period was arithmetically adjusted to correspond to the 12-month schedule and reported as such. The less frequent reporting during the pre-WHR period increases the risk of recall bias. However, due to the incentive of reporting a greater number of work hours, it is more likely that physicians would over-report rather than under-report hours in the pre-WHR period if they were unsure of the actual hours worked. Even if we assume that the values in the pre-WHR period were under-reported by one-third (8 vs. 12 time period), the significant increase in the average total number of hours worked per attending physician (1845 vs. 3290, P Ͻ 0.0001) would persist.
Fourth, the adjudication of complications is specific to our system of care and, like our results, may not be applicable to other systems. However, our classification and adjudication system is based on the quality improvement systems pioneered by Ernest Codman, 45 has been consistently applied at our institution since 1993, 18 and has been used by other authors/institutions. 46 It also reflects definitions as put forth by the Institute of Medicine. 47 We focused our analysis on PR complications since these were assumed to be the most vulnerable to fatigue. Unfortunately, SATS does not further categorize PR complications in relationship to fatigue. Admittedly, the adjudication process of ascribing a complication to either PR or SR is somewhat arbitrary, but the process itself did not change during the study period. Even if we collapsed the PR and SYS together in a "nonpatient disease related" complication category the reduction in "nonpatient disease-related complications" in the post-WHR period would still have been statistically significant.
Fifth, the use of resident work hours as a surrogate for resident involvement in patient care is problematic. We did not ask the residents to detail the time spent in direct patient care (as was required of the attending physicians). We made an assumption that resident involvement in direct patient care would decrease in the post-WHR period because teaching conference attendance was mandatory and, since total hours became contracted in the post-WHR period, the time used for conference after implementation of work hour restrictions could only be taken from other resident activities; primary among them was patient care. Finally, we did not survey our residents regarding fatigue, sleep hours, or workload. Based on extensive prior work demonstrating that in the post-WHR period residents are less fatigued, less stressed and get more sleep, we made the assumption that our residents were less fatigued. 16,29 -31 In conclusion, this is the first study to demonstrate improvements in quality (decreases in major complications and PR complications) and mortality among surgical patients following implementation of resident work hour restrictions. These improvements were achieved with a large incremental cost and a significant increase in attending work hours. We do not mean to imply that the improvements in outcome were caused by the reduction in resident work hours, but rather were associated with systemic changes in process and personnel that occurred in response to the reduction in resident work hours. These systemic factors included increased attending physician involvement, decreased resident fatigue, and implementation of SCIP guidelines. It is likely that there are other unseen changes that have occurred allowing the system to evolve and adapt to work hour restrictions. Our work emphasizes the importance in the future of studying the entire system of care when examining the impact of change on any one part. In light of the association we have shown between improvements in patient care with increased attending physician involvement, proposals to limit attending work hours may need to be reconsidered, and impending shortages of surgeons need to be addressed to maintain improvements in patient care.
